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MAGNETIC DISK DRIVE HAVING
MICROACTUATOR

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This application 1s based upon and claims the benefit of
priority from prior Japanese Patent Application No. 2011-

063337, filed Mar. 22, 2011, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic disk drive having a microactuator.

BACKGROUND

In recent years, with increased capacities of magnetic disk
drives, much effort has been made to increase the track den-
sity thereof. The increased track density has required more
and more accurate head positioning. The accurate head posi-
tioning 1n turn requires improvement of rapid responsiveness
in head positioning control, that i1s, an increase in control
bandwidth. Thus, recently, a magnetic disk drive has been
proposed which comprises a microactuator excellent 1n fol-
lowing high frequencies, in addition to a voice coil motor
(VCM) actuator, that 1s, a magnetic disk drive with a dual
stage actuator (DSA) structure applied thereto.

The microactuator 1s driven by applying a voltage to an
clement (for example, a piezoelectric element) forming the
microactuator. The microactuator 1s displaced differently
depending on whether a voltage 1s applied to the microactua-
tor 1n a direction in which the voltage increases or 1n a direc-
tion in which the voltage decreases. That 1s, the microactuator
has a hysteresis property for the applied voltage.

The hysteresis property of the microactuator may affect a
seek operation for moving a head to a target track using both
the VCM actuator and microactuator.

BRIEF DESCRIPTION OF THE DRAWINGS

A general architecture that implements the various features
of the embodiments will now be described with reference to
the drawings. The drawings and the associated descriptions
are provided to 1llustrate the embodiments and not to limit the
scope of the invention.

FIG. 1 1s a block diagram showing an exemplary configu-
ration of a magnetic disk drive according to a first embodi-
ment;

FI1G. 2 15 a block diagram showing an exemplary configu-
ration of a servo controller applied in the first embodiment;

FIG. 3 1s a diagram showing examples of respective posi-
tions of a VCM actuator, a microactuator, and a head 1n a
servo controller in FIG. 2, with respect to time which posi-
tions are observed 1f a one-track seek operation 1s performed
utilizing the microactuator without consideration for the hys-
teresis property of the microactuator;

FI1G. 4 1s a diagram showing an example of the hysteresis
property of the microactuator;

FIG. 5 15 a diagram showing examples of displacement of
the microactuator with respect to time during the one-track
seck operation, and specifically showing estimated displace-
ment and actual displacement;

FI1G. 6 15 a diagram showing an example of displacement of
the microactuator with respect to a microactuator voltage
observed 1f hysteresis 1s present, 1n comparison with displace-
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2

ment of the microactuator with respect to the microactuator
voltage observed if no hysteresis 1s present;

FIG. 7 1s a diagram showing examples of displacement of
the microactuator with respect to time observed if hysteresis
1s present and 1f no hysteresis 1s present;

FIG. 8 1s a block diagram showing an exemplary configu-
ration of a servo controller applied 1n a first modification of
the first embodiment;

FIG. 9 15 a block diagram showing an exemplary configu-
ration of a servo controller applied 1n a second modification of
the first embodiment;

FIG. 10 1s a flowchart showing an exemplary procedure for
a seek operation applied 1n the first embodiment;

FIG. 11 1s a diagram 1llustrating an example of character-
istics of the one-track seek operation with the impact of
hysteresis of the microactuator compensated for according to
the first embodiment, in comparison with an example of char-
acteristics of the one-track seek operation with the impact of
the hysteresis not compensated for;

FIG. 12 1s a block diagram showing an exemplary configu-
ration of a servo controller applied in a second embodiment;

FIG. 13 1s a block diagram showing an exemplary configu-
ration of a servo controller applied 1n a third embodiment; and

FIG. 14 1s a block diagram showing an exemplary configu-
ration of a servo controller applied 1n a fourth embodiment.

DETAILED DESCRIPTION

Various embodiments will be described herematter with
reference to the accompanying drawings. In general, accord-
ing to one embodiment, a magnetic disk drive comprises a
voice coll motor (VCM) actuator, a microactuator, and a servo
controller. The VCM actuator 1s configured to coarsely move
a head. The microactuator 1s configured to slightly move the
head. The servo controller 1s configured to control a prede-
termined seek operation of moving the head to a target track
using both the VCM actuator and the microactuator. The
servo controller comprises a microactuator controller, a

microactuator estimator, a VCM actuator controller, a filter,
and an adder. The microactuator controller 1s configured to
control the microactuator based on a positioning error
between the target track and a position of the head or a
positioning error between a first target trajectory and the
position of the head. The first target trajectory corresponds to
the microactuator. The microactuator estimator 1s configured
to estimate a first displacement of the microactuator using a
linear model from a first control 1nput to be provided to the
microactuator. The VCM actuator controller 1s configured to
control the VCM actuator based on a positioning error
between the target track and a first position of the VCM
actuator or a positioning error between a second target trajec-
tory and the first position of the VCM actuator. The second
target trajectory corresponds to the VCM actuator and the first
position 1s estimated from the position of the head and the first
displacement. The filter 1s configured to estimate a second
position of the VCM actuator corresponding to a delay in the
displacement of the microactuator caused by hysteresis of the
microactuator, from a state of the VCM actuator 1n the pre-
determined seek operation, and to estimate a second displace-
ment that 1s the delayed displacement of the microactuator,
from the second position. The adder 1s configured to add the
second displacement or a second control input corresponding,
to the second displacement to an input to the microactuator
controller or an mput to the microactuator.

First Embodiment

FIG. 1 1s a block diagram showing an exemplary configu-
ration of a magnetic disk drive according to a first embodi-
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ment. The magnetic disk drive (HDD) shown in FIG. 1 com-
prises a disk (magnetic disk) 11, a head (magnetic head) 12, a
spindle motor (SPM) 13, a VCM actuator (VCMA) 14, a
microactuator (MA) 15, a voice coil motor (VCM) 16, a
driver IC 17, a head IC 18, a read channel (RDC) 19, and a
controller 20. The disk 11 1s a magnetic recording medium.
For example, one surface of the disk 11 forms a recording
surface on which data 1s magnetically recorded. The disk 11
1s rotated at high speed by the SPM 13. The SPM 13 1s driven
by, for example, a drive current supplied by the driver 1C 17.

The head 12 is arranged 1n association with the recording
surface of the disk 11. The head 12 comprises a read element
and a write element neither of which 1s shown in the drawings.
The head 12 1s to write data to the disk 11 and to read data
from the disk 11. In the configuration shown in FIG. 1, the
HDD 1s assumed to comprise a single disk 11. However, the
HDD may comprise a plurality of disks 11 stacked therein.
Furthermore, in the configuration shown 1 FIG. 1, one sur-
tace of the disk 11 forms the recording surface. However, both
surfaces of the disk 11 may form recording surfaces, with
heads arranged in association with the respective recording,
surfaces.

The VCMA 14 comprises an arm 140. The head 12 1s
attached to a tip of a suspension 141 extended from the arm
140 of the VCMA 14 (more specifically, the head 12 1s
attached to a head slider provided at the tip of the suspension
141). Moreover, the M A 15 1s attached to the suspension 141
(more specifically, to between the suspension 141 and the
head slider). Thus, the HDD shown in FIG. 1 has a dual stage
actuator structure (hereinaiter referred to as a DS A structure)
applied thereto and comprising the VCMA 14 and the MA 15.

MA 15 1s driven 1n accordance with a control mput u,,
provided via the dniver IC 17 by a servo controller 22
described below (more specifically, in accordance with a
drive voltage specified by a control input u,,). Thus, the MA
15 slightly moves the corresponding head 12. In the descrip-
tion below, 1in order to avoid complication, the control input
u, . 1s assumed to be a drive voltage (MA voltage) applied to
the MA 15.

VCMA 14 1s supported so as to be pivotally movable
around a pivot 142. The VCMA 14 comprises the VCM 16.
The VCM 161s adrnive source forthe VCMA 14. The VCM 16
1s driven 1n accordance with the control input u,-provided via
the driver IC 17 by the servo controller 22 (more specifically,
in accordance with a drive current specified by the control
input u,-) to pivotally move the VCMA 14 around the pivot
142. That 1s, the VCM 16 moves the arm 140 of the VCMA 14
radially relative to the disk 11. Thus, the head 12 1s also
moved radially relative to the disk 11. In the description
below, the control mput u;-1s assumed to be a drive current
supplied to the VCM 16 (VCMA 14).

The driver IC 17 drives the SPM 13, the VCM 16 (VCMA
14), and the MA 135 under the control of the servo controller
22. The head IC 18 1s also called a head amplifier and ampli-
fies signals read by the head 12 (that 1s, read signals). The
head IC 18 also converts write data output by the RDC 19 into
a write current. The head IC 18 then outputs the write current
to the head 12.

RDC 19 processes signals associated with read and write.
That 1s, the RDC 19 converts a read signal amplified by the
head IC 18 into digital data. The RDC 19 decodes the digital
data 1into read data. The RDC 19 also extracts servo data
(servo patterns) from the digital data. The RDC 19 also codes
write data transierred by the controller 20. The RDC 19
transiers the coded write data to the head IC 18.

The controller 20 comprises a host controller 21, a servo
controller 22, and a memory module 23. The host controller
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21 transmits and receives signals to and from a host via an
external interface (storage interface). Specifically, the host
controller 21 receives commands (a write command, a read
command, and the like) transmitted by the host via the exter-
nal interface. The host controller 21 controls the data transier
between the host and the host controller 21.

The servo controller 22 controls the VCM 16 via the driver
IC 17 for coarse adjustment when the head 12 1s positioned at
a target position on the disk 11. Here, controlling the VCM 16
1s equivalent to controlling the VCMA 14 comprising the
VCM 16. The servo controller 22 further controls the MA 15
via the driver IC 17 1n order to fine-tune the position of the
head 12. Furthermore, the servo controller 22 controls a pre-
determined seek operation for moving the head 12 to a target
track using both the VCMA 14 and the MA 15. The prede-
termined seek operation will be described below.

In the first embodiment, the host controller 21 and the servo
controller 22 comprises respective CPUs (not shown 1n the
drawings ). The CPUs execute respective control programs for
the host controller 21 and the servo controller 22 stored 1n the
FROM 23a described below, to implement the functions of
the host controller 21 and the servo controller 22. A single
CPU may execute the respective control programs for the host
controller 21 and the servo controller 22 in a time division

manner.
The memory module 23 comprises a flash ROM (FROM)

23a and RAM 23b6. The FROM 234 1s a rewritable nonvolatile
memory. The control programs (firmware) are prestored in
the FROM 23a4; the control programs serve to implement the
functions of the controller 20 including the host controller 21
and the servo controller 22. At least a part of the storage area
in the RAM 235 1s used as a work area for the host controller
21 and the servo controller 22. In FIG. 1, for simplification, a

disk controller generally provided in the controller 20 1s omiut-
ted. The disk controller controls data writes to the disk 11 and
data reads from the disk 11.

FIG. 2 1s a block diagram showing an exemplary configu-
ration of the servo controller 22 applied 1n the first embodi-
ment. The servo controller 22 controls the VCM 16 (indi-
rectly controls the VCMA 14 driven by the VCM 16) and the
MA 15 based on servo data recorded in the disk 11, 1in order to
position the head 12 at the target position of the target track.
That 1s, the servo controller 22 controls the VCMA 14 by
teedback control to coarsely adjust the position of the head
12. The servo controller 22 also controls the MA 15 by feed-
back control to fine-tune the position of the head 12. Thus, the
MA 15 and the VCMA 14 are control targets (what 1s called

plants) for the feedback control system. Hence, 1n FIG. 2, the
VCMA 14 1s denoted as P (s), and the MA 15 1s denoted as

P, (s).

The servo controller 22 comprises a subtractor 221, an MA
controller (C, {s)) 222, an MA model (E) 223, an adder 224,
a VCMA controller (C;(s)) 225, a filter (Q(s)) 226, an adder
227, and a switch 228. In FIG. 2, a symbol y at an addition
point 220 denotes the position of the head 12 (head position)
over the disk 11. Here, the position of the VCMA (P,(s)) 14
1s denoted by vy, and displacement of the MA (P, {(s)) 15 1s
denoted by v, .. In this case, the sum (y,+v,,) of the position
y-and the displacement y, ,1s observed as the head positiony
at the addition point 220. The head position vy 1s detected
based on servo data extracted by the RDC 19 at a predeter-
mined sampling period.

The subtractor 221 determines the difference between the
head position y and a target position r to be a positioning error
¢ (=r-vy). The MA controller (C, {s)) 222 generates a control
input to be provided to the MA (P,/s)) 15 based on the

positioning error €. The MA model (E) 223 1s a linear model
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and 1s used to estimate displacement of the MA 15 (more
specifically, the displacement relative to the VCMA 14) based
on the control input generated by the MA controller (C, {s))
222. That 1s, the MA model (E) 223 1s used as an MA esti-
mator that estimates the displacement of the MA 15 based on
a linear model.

The adder 224 adds the displacement of the MA 135 esti-
mated by the MA model 223 to the positioning error e (=r—
y=r-y ~V, ) calculated by the subtractor 221. If the estimated
displacement of the MA 15 1s equal to the actual displacement
V.. the addition performed by the adder 224 1s equivalent to
the calculation of the difference (r-vy,-) between the target
value r and the position v, of the VCMA 14. That 1s, the
position y,-of the VCMA 14 1s estimated from the position 'y
of the head 12 and the estimated displacement of the MA 15.
The addition result from the adder 224 1s provided to an input
of the VCMA controller (C,(s)) 225. This prevents the
VCMA 14 and the MA 15 from being interfered with. That 1s,
the servo controller 22 forms a decoupling structure for the

VCMA (P;{s)) 14 and the MA (P, (s)) 15. The VCMA con-

troller (C,(s)) 223 generates a control input u,.to be provided
to the VCMA 14 based on the addition result from the adder
224,

The displacement of the MA 15 can also be detected by, for
example, a relative position sensor. However, the relative
position sensor 1s expensive. Thus, 1n general, the displace-
ment of the MA 15 1s estimated using the MA model 223 (E)
223 as described above. Furthermore, a linear model 1s gen-
erally used as the MA model 223 so that the displacement of
the MA 15 has a linear relationship with an increase and a
decrease 1n a voltage Vin applied to the MA 15 (the voltage
Vin 1s heremafiter referred to as an MA voltage).

As 1s well known, the MA 135 has a higher response rate
than the VCMA 14. Thus, seek time can be reduced by using
the MA 15 to move the head 12 to the target track. However,
the distance the head 12 can be moved radially relative to the
disk 11 using the MA 15, what 1s called a seek distance, 1s
limited to the range within which the MA 135 can be driven.
The range within which the MA 15 can be driven 1s very
narrow unlike 1n the case of the VCMA 14.

Thus, 1n the first embodiment, the MA 15 1s utilized for a
seck operation (that 1s, a one-track seek operation) of moving
the head 12 by a distance corresponding to one track (more
specifically, one track width) radially relative to the disk 11. It
a seek operation 1s performed using the MA 15 (MA 15 and
VCMA 14), the VCMA 14, having a lower response rate than
the MA 185, reaches the target track later than the MA 15.

FI1G. 3 shows the respective positions ol the VCMA 14, the
MA 15, and the head 12 with respect to time (more specifi-
cally, elapsed time from the beginning of the seek operation)
if a seek operation of moving the MA 15 toward the target
track by a distance equal to one track before the VCMA 14 1s
moved (one-track seek operation) 1s performed without con-
sideration for the hysteresis property of the MA 15. Here, 1t 1s
assumed that with the head 12 positioned ata track T, the head
12 1s moved to a track T+1, the target track.

In FIG. 3, curves 31 and 32 indicate the position of the
VCMA 14 and the position of the MA 135, respectively, with
respect to time. A curve 33 indicates the position of the head
12 with respect to time. In FIG. 3, the respective positions of
the VCMA 14, the MA 15, and the head 12 are indicated by

relative positions for which each of the positions of the
VCMA 14, the MA 15, and the head 12 observed at the

beginning of the one-track seek operation is set to be a refer-
ence (0). In FIG. 3, the positions are indicated in units of
tracks. For example, a position of 1 and a position of 0.5
indicate positions displaced from the reference position of O

10

15

20

25

30

35

40

45

50

55

60

65

6

by one track and half a track, respectively. Thus, in FIG. 3, for
example, the reference position of 0 corresponds to the posi-
tion of track T at which the head 12 1s positioned before the
beginning of the one-track seek operation. The position of 1
corresponds to the position of track T+1.

As 1s apparent from FIG. 3, compared to the position of the
VCMA 14, the position of the MA 15 indicated by the curve
32 approaches 1 1n a very short time as a result of the rapid
responsiveness of the MA 15. That 1s, the MA 15 approaches
the target track at a high speed. To allow the MA 13 to
approach the target track at a high speed, a large M A voltage
1s applied to the MA 15 even at the beginning of a seek
operation. The MA voltage decreases consistently with the
distance between the MA 15 and the target track.

In general, the MA 15 has a hysteresis property for the MA
voltage. FIG. 4 illustrates the hysteresis property of the MA
15. In FI1G. 4, acurve 41 indicates the displacement of the MA
15 with respect to the MA voltage Vin observed 11 the MA
Voltage Vin increases gradually from =20 to +20 V. In FIG. 4,
in contrast to the curve 41, a curve 42 indicates the dlsplace-
ment of the MA 15 with respect to the MA voltage Vin
observed if the M A voltage Vin decreases gradually from +20
to =20 V. As 1s apparent from the curves 41 and 42, the MA 15
has the hysteresis property for the MA voltage. The magni-
tude of 1ysteresis of the MA 15 increases consistently with
the amount of an increase or a decrease 1n voltage. Thus, when
the MA voltage decreases because the MA 15 approaches the
target track after a high MA voltage 1s applied to the MA 15
at the beginning of a seek operation, the MA 15 15 signifi-
cantly affected by the hysteresis.

However, the MA model 223 1s a linear model. Thus, if the
MA 15 1s subjected to hysteresis, an error occurs between the
actual MA displacement of the MA 135 and the displacement
estimated by the MA model 223. FIG. 5 shows the displace-
ment (position) of the MA 15 with respect to time during the
one-track seek operation; F1G. 5 shows each of the estimated
displacement and the actual displacement. In FIG. §, a curve
51 indicates the relationship between the time and the esti-
mated displacement of the MA 135, that 1s, the relationship
between the time and the displacement of the MA 15
observed 1f the MA model 223 1s applied on the assumption
that the MA 13 has no hysteresis property. A case where the
MA 15 1s assumed to have no hysteresis property i1s herein-
alfter simply referred to as a case where no hysteresis 1s
present. A curve 52 indicates the relationship between the
time and the actual displacement of the MA 15, that 1s, the
relationship between the time and the dlsplacement of the
MA 15 observed 11 the M A 15 has the hysteresis property. A
case where the MA 15 has the hysteresis property 1s herein-
alter simply referred to as a case where hysteresis 1s present.

As 15 apparent from FIG. 5, the hysteresis causes a differ-
ence (positioning error) between the estimated displacement
and actual displacement of the MA 135. That 1s, the hysteresis
results 1n the positioning error during a shiit to a steady state
in which the head 12 is positioned at the target track for the
following reason: a seek operation using the MA 15 (one-
track seek operation) mvolves a high voltage applied to the
MA 15 at the beginning of the seek operation. Thus, as shown
by the curve 33 in FIG. 3, 1n the one-track seek operation, an
ofl track state occurs 1n which the head 12 1s misaligned with
the target track. Hence, the head 12 1s difficult to position at
the target track at high speed.

Thus, a configuration for reducing the positioning error
resulting from the hysteresis 1s applied 1n the first embodi-
ment when the one-track seek operation 1s performed utiliz-
ing the MA 15 (that 1s, a short-distance seek operation 1s

performed). The configuration will be described below. In the
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one-track seek operation, the first embodiment utilizes a
monotonic variation (here an increase) in the position (dis-
placement) of the VCMA 15 during a monotonic decrease in
the MA voltage (that 1s, the displacement of the MA 15) after
the MA 135 reaches the target track before the VCMA 14.
Specifically, the impact of the hysteresis 1s considered to be a
delay 1n the M A voltage from the state 1n which the MA 15 1s
assumed to be driven 1n accordance with a linear model. The
delay 1n the MA voltage appears as delay 1n the displacement
of the MA 15 because of the relationship between the MA
voltage and the displacement of the MA 15. Thus, the impact
ol the hysteresis can be considered to be a delay 1n the dis-
placement of the MA 15 11 the MA voltage 1s converted into
the displacement of the MA 15.

The significance of considering the impact of the hysteresis
to be a delay 1n the M A voltage (displacement of the MA 15)
will be described with reference to FIG. 6 and FIG. 7. FIG. 6
shows the displacement of the MA 15 with respect to the MA
voltage Vin observed 11 hysteresis 1s present, in comparison
with the displacement of the MA 15 with respect to the MA
voltage Vin observed 1f no hysteresis i1s present. In FIG. 6,
curves 61 and 62 correspond to the curves 41 and 42 1n FIG.
4. However, in FI1G. 6, the range within which the M A voltage
Vin 1s negative 1s omitted. A straight line 60 indicates the
displacement of the MA 135 with respect to the MA voltage
Vin observed 11 no hysteresis 1s present.

FIG. 7 shows the displacement of the MA 15 (the relative
position of the MA 15) with respect to time observed 11 no
hysteresis 1s present (former case) and 11 hysteresis 1s present
(latter case). In FIG. 7, a straight line 71 indicates the dis-
placement of the MA 15 with respect to time 1n the former
case (that 1s, the straight line 71 indicates the estimated dis-
placement of the MA 15). A straight line 72 indicates the
displacement of the MA 15 with respect to time 1n the latter
case (that 1s, the straight line 71 indicates the actual displace-
ment of the MA 15).

Here, it 1s assumed that the MA 13 reaches the target track
carlier and that at this time, the VCMA 14 1s moving toward
the target track. At a point P1 on the straight line 60, the curve
62, the straight line 71, and the curve 72, the displacement of
the MA 15 becomes 1, and the MA 15 reaches the target track.
The corresponding time t 1s 0. The MA voltage at time t=0 1s
high as described above. The MA voltage subsequently
decreases gradually as the time t elapses. This 1s because the
VCMA 14 approaches the target track 14 (see FIG. 3). With a
gradual decrease 1n the MA voltage, the displacement of the
MA 15 decreases monotonically from the point P1 (time t=0)
as the time t elapses.

It 1s assumed that subsequently at time t1 when the MA
voltage Vinis 0, the displacement of the MA 15 observed 11 no
hysteresis 1s present (that 1s, the estimated displacement at a
point P2 on the straight line 60 in FIG. 6 and on the straight
line 71 1 FI1G. 7) corresponds to ¢.. However, with hysteresis
present, even 1f the MA voltage corresponds to 0, the dis-
placement of the MA 13 (that 1s, the actual displacement)
appears as a displacement [ at a point P2' on the curve 62 1n
FIG. 6 and the curve 72 m FIG. 7. Thus, the displacement of
the MA 15 differs by p—a between the presence of hysteresis
and the absence of hysteresis. The value p—a corresponds to
a positioning error resulting from the hysteresis.

When the one-track seek operation continues after time t1
and the VCMA 14 further approaches the target track, the MA
voltage further decreases. As described above, 1n the one-
track seek operation, while the M A voltage (the displacement
of the MA 15) 1s decreasing monotonically after the MA 135
reaches the target track, the position of the MA 14 increases
monotonically. Thus, the actual displacement of the MA 15
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after time t1 corresponds to a. Here, 1t 1s assumed that at time
t2 (12>t1) when the MA voltage Vin decreases to € (€<0), the
actual displacement of the MA 15 at a point P3 on the curve
62 1n FI1G. 6 and the curve 72 1n FIG. 7 corresponds to .. That
1s, the actual displacement o of the MA 15 required at time tl
and the MA voltage € (Vin=¢) required for the displacement o
are obtained at time t2, which 1s later than time t1 by t2—t1.

As described above, with hysteresis present, the displace-
ment o of the MA 15 required at time t1 1s obtained when the
time period t2-t1 elapses after time t1. Hence, the impact of
the hysteresis can be considered to be a delay 1n the displace-
ment of the MA 15 as shown 1n FIG. 7. Furthermore, the MA
voltage € required for the displacement o 1s obtained at time
t2, the time t2-t1 after time t1. Hence, the impact of the
hysteresis can be considered to be a delay in the MA voltage
Vin as well. That 1s, the presence of the hysteresis can be
considered to delay the displacement of the MA 15 and the
MA voltage.

To obtain the actual displacement a of the MA 15 attime tl,
the MA 15 needs to be provided with € as the MA voltage
(control input u,,) as 1s apparent from FIG. 6. The MA
voltage € corresponds to the displacement v of the MA 135
observed 1f no hysteresis 1s present. However, with no hys-
teresis present, at time t1, the MA 135 1s provided with the MA
voltage (control mnput u ) 6. As a result, the actual displace-
ment of the MA 15 corresponds to 3.

To allow o provided to the MA at time t1 to be corrected
to €, the MA voltage €e-0 may be obtained. Furthermore, to
allow the displacement of the M A 15 required at time t1 to be
corrected from a to v, the displacement y—a may be obtained.
With no hysteresis present, the MA voltage € 1s provided to
the MA 15 at time t2 as described above, 1n order to obtain the
displacement . At this time, the actual displacement corre-
sponds to c.. Hence, the MA voltage e—0 and the displacement
v—a 01 the MA 15 can be considered to be the delay from time
t1 resulting from the hysteresis and corresponding to the time
t2—t1.

Thus, 1n the first embodiment, a future MA voltage (dis-
placement of the MA 15) corresponding to the delay caused
by the hysteresis, that 1s, a future relative positioning error, 1s
estimated 1n order to reduce the impact of the hysteresis. In
the above-described example, the future MA voltage corre-
sponds to €, and the future displacement of the MA 15 corre-
sponds to v. On the other hand, the M A voltage corresponding,
to the delay caused by the hysteresis corresponds to €-06. The
displacement of the M A 15 corresponding to the delay caused
by the hysteresis corresponds to y—c.. Furthermore, in the first
embodiment, the control mput corresponding to the delay
caused by the hysteresis 1s added to the control input gener-
ated by the MA controller (CM(s)) 222 so as to apply the
control mnputu, ,(MA voltage) corresponding to the estimated
future MA voltage (the estimated future displacement of the
MA 15) to the MA 15. The added control input 1s provided to
the MA 15 as the control input u, , (MA voltage).

Now, the estimation of the future MA voltage (the future
displacement of the MA 15) corresponding to the delay
caused by the hysteresis will be described with reference
again to FIG. 2 and FIG. 7. The MA voltage, that 1s, the
control mnput u,,, depends on the positioning error ¢ at the
track to which the head 12 is to move (that 1s, the target track)
as well as the position y,-of the VCMA 14. The head position
y obtained by adding the position y,-of the VCMA 14 and the
displacement y, , of the MA 135 together needs to be constant
in order to keep the head 12 at the target position in the target
track. This indicates that estimation of the future position of
the VCMA 14 enables the future displacement of the MA 135
(or the future MA voltage) to be estimated.
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Thus, 1n the first embodiment, the future position of the
VCMA 14 1s estimated 1n order to allow estimation of the
tuture displacement of the MA 15 (or the future MA voltage)
corresponding to the delay caused by the hysteresis. Hence, as
shown i FI1G. 2, afilter ((Q(s)) 226, an adder 227, and a switch
228 are additionally provided in the controller 20. The filter
226 passes an output from the VCMA (P (s)) 14 through the
f1lter 226 to estimate the future position of the VCMA 14. The
filter 226 also estimates a control mnput corresponding to the
tuture displacement of the MA 15 (or the future MA voltage)
from the estimated future position of the VCMA 14.

The adder 227 1s provided 1n a control loop for the MA 15.
The adder 227 adds an output from the filter 226 (that 1s, a
control mput corresponding to the future displacement of the
MA 15 or the future M A voltage) to a control input generated
by the MA controller (C, (s)) 222. The switch 228 1s set to an
on state (first state) at the beginning of a predetermined seek
operation. The switch 228 permits elffective outputs to be
transmitted from the filter 226 to the adder 227 while the
switch 228 1s in the on state. In the first embodiment, the
predetermined seek operation 1s the one-track seek operation.

For example, the current position y,-of the VCMA 14 and
a VCM speed are used to estimate the future position of the

VCMA 14. The VCM speed indicates the amount of variation
in the position of the VCMA 14. The filter (Q(s)) 226 multi-
plies the VCM speed by a predetermined coelficient p and
adds the current position y;-of the VCMA 14 to the multipli-
cation result to estimate the tuture position of the VCMA 14.
The filter (Q(s)) 226 thus calculates a control input corre-
sponding to the displacement ofthe M A 15 or the M A voltage
corresponding to the delay caused by the hysteresis. Coetli-
cient p 1s an 1index indicating the degree to which the future
positionis estimated. The VCM speed (that 1s, the speed of the
VCMA 14) can be obtained by differentiating the position of
the VCMA 14. Thus, the filter (Q(s)) 226 provided with a
differentiator determines the VCM speed based on the posi-
tion of the VCMA 14.

Coeftlicient p depends on a delay 1n the displacement of the
MA 15 caused by the hysteresis as well as the speed of the
VCMA 14, and 1s not constant. Thus, in the first embodiment,
coellicient p 1s preset, which 1s a value corresponding to an
average delay time. The average delay time 1s calculated by,
for example, dividing the delay in the displacement of the MA
15 caused by the hysteresis by the VCM speed. Alternatively,
a table may be stored 1n the FROM 23a; the results of mea-
surement of the hysteresis property of the MA 15 and of the
speed of the VCMA 14 during a seek operation (one-track
seck operation) are set 1n the table. Alternatively, the table
may be set 1in the firmware stored 1n the FROM 23a.

Now, a first modification of the first embodiment will be
described. FIG. 8 1s a block diagram showing a configuration
of the servo controller 22 applied in the first modification of
the first embodiment. Elements 1n FIG. 8 which are equiva-
lent to those i FIG. 2 are denoted by the same reference
numbers. The servo controller 22 shown 1n FIG. 8 comprises
a state observer (B) 229. The state observer (B) 229 comprises
a VCMA model. The state observer (B) 229 estimates the
position, speed, and acceleration of the VCMA 14 based on
the VCMA model as well as the output u,- from the VCMA
controller 225 (that 1s, an mput to the VCMA 14), the dis-
placement of the MA 15 estimated by the MA model (E) 223,
and the position of the head 12 (head position). The head
positiony, that 1s, the head position y detected by the RDC 19,
1s used as the position of the head 12.

In the first modification, the speed of the VCMA 14 esti-
mated by the state observer 229 i1s used as the speed of the
VCMA 14 used to estimate the future position of the VCMA
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14 described above. That 1s, the speed of the VCMA 14
estimated by the state observer 229 1s input to the filter 226.
However, the speed of the VCMA 14 can be obtained by
differentiating the position of the VCMA 14 as described
above. Thus, the filter 226 may comprise a differentiator

configured to differentiate the position of the VCMA 14 esti-
mated by the state observer 229. In this case, the speed of the
VCMA 14 estimated by the state observer 229 1s not neces-
sarily 1nput to the filter 226.

Now, a second modification of the first embodiment will be
described. FIG. 9 1s a block diagram showing a configuration
of the servo controller 22 applied n the second modification
of the first embodiment. Flements in FIG. 9 which are equiva-
lent to those 1 FIG. 2 and FIG. 8 are denoted by the same
reference numbers. The servo controller 22 shown in FIG. 9 1s
characterized in that as the head position used by the subtrac-
tor 221 to calculate the positioning error e, the head position
estimated by the state observer (B) 229 1s used 1nstead of the

head position y detected by the RDC 19.

In the second modification, the state observer 229 esti-
mates the position, speed, and acceleration of the VCMA 14
(that 1s, the estimated state of the VCMA 14) based on the
VCMA model as well as the output from the VCMA control-
ler 2235, the displacement of the M A 15 estimated by the MA
model (E) 223, and the head position y. The state observer 229
turther adds the estimated position of the VCMA 14 and the
estimated displacement of the MA 15 together to estimate the
position of the head 12.

In the second modification, the estimated state of the
VCMA 14 1s mput to the filter (Q(s)) 226; the estimated state
includes at least one of the position and speed of the VCMA
14 estimated by the state observer 229. The head position

estimated by the state observer 229 1s input to the subtractor
221 instead of the head position y detected by the RDC 19. As

described above, the speed of the VCMA 14 can be obtained
by differentiating the position of the VCMA 14. Thus, the
filter 226 may comprises a differentiator configured to dlffer-
entiate the position of the VCMA 14 estimated by the state
observer 229. In this case, the estimated state of the VCMA 14
input to the filter 226 need not include the estimated speed of
the VCMA 14.

Furthermore, the future position of the VCMA 14 can be
estimated from the speed and acceleration of the VCMA 14.
Thus, the filter 226 may estimate the future position of the
VCMA 14 by taking the sum of the speed of the VCMA 14
estimated by the state observer 229 and, for example, multi-
plied by coellicient q by a multiplier and the acceleration of
the VCMA 14 estimated by the state observer 229 and, for
example, multiplied by coetlicient m by the multlpher Like
the above-described coetlicient p, coellicient q 1s an index
indicating the degree to which the future position 1s esti-
mated. Coellicient q 1s, for example the above-described
average delay time. Coefﬁc1ent m 1s an 1dex indicating the
contribution of the acceleration observed up to a estimated
future time.

Now, a procedure for a seek operation under the control of
the servo controller 22 which procedure 1s applied 1n the first
embodiment will be described with reference to a flowchart in
FIG. 10. The procedure 1s also applied 1n the first and second
modifications of the first embodiment. It 1s assumed that the
head 12 1s now positioned at track T (what 1s called an on track
state). In this state, 1t 1s assumed that, for example, the host
controller 21 issues a seek command to the servo controller
22. Then, the servo controller 22 starts a seek operation for
moving the head 12 to the target track specified 1n the seek
command.
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First, the servo controller 22 determines whether a seek
distance required to move the head 12 from track T at which
the heat 12 1s now positioned to the target track 1s equal to one
track (one track width) (block 801). Here, 1t 1s assumed that
the target track 1s track T+1, located adjacent to track T, and
that the seek distance 1s thus equal to one track. If the seek
distance 1s equal to one track as described above (Yes in block
801), that 1s, 1f the operation 1s the one-track seek operation,
the servo controller 22 functions as a switching controller to
turn on the switch 228 (block 802).

Then, 1 the servo controller 22, a control mput corre-
sponding to the displacement ol the MA 15 or the M A voltage

corresponding to the delay caused by the hysteresis estimated
by the filer (Q(s)) 226 1s 1input to the adder 227 via the switch

228. A control input generated by the MA controller (C, (s))
222 1s also mput to the adder 227. The adder 227 adds the
control input corresponding to the displacement of the MA 135
or the MA voltage estimated by the filter (Q(s)) 226 and
corresponding to the delay caused by the hysteresis, to the
control input generated by the MA controller (C, (s)) 222.
The addition result from the adder 227 1s provided to the MA

15 as the control input u,. This enables a reduction 1n a
possible error between the actual displacement of the MA 15
and the displacement of the MA 15 estimated by the MA
model 223. That 1s, the impact of hysteresis of the MA 15
enables a reduction 1n a possible error 1n positioning of the

head 12 at the target track.
When the switch 228 1s turned on (block 802), the servo

controller 22 functions as a detector to set a count N to an
initial value of O (block 803). Then, the servo controller 22
increments the count N by one (block 804). The count N 1s
used to indicate the number of samples for which the speed of

the VCMA 14 (VCMA speed) 1s continuously lower than
threshold (that 1s, a predetermined speed) 1. Then, the servo
controller 22 (detector) determines whether the speed of the
VCMA 14 1s lower than threshold 1 (block 805). If the speed
of the VCMA 14 1s not lower than threshold 1 (No 1n block
805), the servo controller 22 resets the count N to 0 (block
806). The servo controller 22 then returns to block 804.

In contrast, if the speed of the VCMA 14 1s lower than

threshold 1 (Yes 1n block 805), the servo controller 22 deter-
mines whether the count N 1s greater than threshold g (block
807). If the count N 1s not greater than threshold g (No 1n
block 807), the servo controller 22 determines that the num-
ber of samples for which the speed of the VCMA 14 1s
continuously lower than threshold 1 does not exceed g. In this
case, the servo controller 22 returns to block 804.

In contrast, ifthe count N 1s greater than threshold g (Yes in
block 807), the servo controller 22 (detection means) deter-
mines that the number of samples for which the speed of the
VCMA 14 1s continuously lower than threshold 1 exceeds g.
That 1s, servo controller 22 (detection means) detects a par-
ticular state in which the speed of the VCMA 14 1s lower than
threshold 1 for g consecutive samples. In this case, the servo
controller 22 determines that the VCMA 14, which moves
later than the MA 13, has stably reached the target track.
Then, the servo controller 22 functions as a switching con-
troller to turn oif the switch 228 (block 808). This restrains the
filter 226 from transmitting an elffective output to the adder
227 and the seek operation (one-track seek operation) ends.

On the other hand, i1 the seek distance 1s not equal to one
track (No 1n block 801), that 1s, 1f the operation 1s not the
one-track seek operation, the servo controller 22 controls a
normal seek operation (block 809). In the normal seek opera-
tion, the switch 228 is 1n an off state. In this case, the servo
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controller 22 functions as a decoupling structure for the
VCMA 14 and the MA 13 as 1n the case of the conventional
art.

FIG. 11 shows the characteristics observed when the one-
track seek operation 1s performed with the switch 228 in the
on state, 1n comparison with the characteristics observed
when the one-track seek operation i1s performed with the
switch 228 1n the off state. That 1s, FIG. 11 shows the char-
acteristics of the one-track seek operation observed when the
impact of hysteresis of the MA 15 i1s compensated for, 1n
comparison with the characteristics of the one-track seek
operation observed when the impact of hysteresis of the MA
15 1s not compensated for as 1n the case of the conventional
art. In FI1G. 11, curves 911, 912, and 913 1ndicate the position
of the VCMA 14, the position of the MA 15, and the position
of the head 12, respectively, with respect to the time with the
impact of the hysteresis not compensated for. Furthermore,
curves 921, 922, and 923 indicate the position of the VCMA
14, the position of the MA 15, and the position of the head 12,
respectively, with respect to the time with the impact of the
hysteresis compensated for. Additionally, a curve 930 indi-
cates the speed of the VCMA 14 with respect to the time. In
FIG. 11, as 1n the case of FIG. 3, the position O corresponds to
the position of track T at which the head 12 1s positioned
betore the beginming of the one-track seek operation. The
position 1 corresponds to the position of the target track T+1.
In FIG. 11, a scale indicating the speed of the VCMA 14 1s
omitted.

As 15 apparent from FIG. 11, particularly from the curves
913 and 923, according to the first embodiment, the head 12
1s moved to the target track at high speed and stably posi-
tioned at the target track with a minimized positioning error.
In the above-described first embodiment, in the one-track
seek operation, the switch 228 1s turned on, and the output
from the filter 226 1s added to the input to the MA controller
222. That 1s, 1n the one-track seek operation, the impact of the
hysteresis 1s compensated for. However, 11 the travel distance
(seek distance) of the head 12 falls within the range 1n which
the MA 15 can be driven, the first embodiment can be applied
to a seek operation with a seek distance longer than one track.
Furthermore, 1n FIG. 2, the filter 226 and the switch 228 may
be replaced with each other 1n position. That 1s, the switch 228
may be arranged on an input side of the filter 226.

Second Embodiment

Now, a servo controller in a magnetic disk drive according
to a second embodiment will be described. It 1s assumed that
the configuration shown in FIG. 1 and including the servo
controller 22 1s applied to the magnetic disk drive according
to the second embodiment as 1s the case with the first embodi-
ment. The second embodiment 1s different from the first
embodiment 1n the configuration of the servo controller 22.

FIG. 12 1s a block diagram showing a configuration of the
servo controller 22 applied 1n the second embodiment. Ele-
ments 1n FIG. 12 which are equivalent to those 1n FIG. 2 are
denoted by the same reference numbers. The servo controller
shown 1n FIG. 12 1s characterized 1n that an adder 241 corre-
sponding to the adder 227 (see FIG. 2) 1s provided on an mnput
side of the MA controller (C,s)) 222. Furthermore, the
positions of the filter 226 and the switch 228 are opposite to
those i FIG. 2. However, the positions of the filter 226 and
the switch 228 may be the same as those in FIG. 2. In the
second embodiment, the filter (Q(s)) 226 estimates the dis-
placement of the MA 15 corresponding to the delay caused by
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the hysteresis. The estimated displacement 1s added by the
adder 241 to the positioning error € input to the M A controller

(C,(3)) 222.

Third Embodiment

Now, a servo controller 1n a magnetic disk drive according
to a third embodiment will be described. It 1s assumed that the
configuration shown in FIG. 1 and including the servo con-
troller 22 1s applied to the magnetic disk drive according to the
third embodiment as 1s the case with the first embodiment.
The third embodiment 1s different from the first embodiment
in the configuration of the servo controller 22.

FIG. 13 15 a block diagram showing a configuration of the
servo controller 22 applied 1n the third embodiment. Ele-
ments 1n FIG. 13 which are equivalent to those 1n FIG. 2 are

denoted by the same reference numbers. The servo controller
22 shown 1n FIG. 13 1s characterized 1n that well-known feed

torward (FF) control 1s applied to the control of the VCMA 14
and the MA 15. The servo controller 22 shown 1n FIG. 13
comprises, 1n addition to the components shown 1n FIG. 2, a
VCMA feed forward controller (C..,(s)) 251, an adder 252, a
subtractor 253, an MA feed forward controller (C., {s)) 254,
an MA feed forward controller (-C~, (s)) 255, and an adder
256.

In FIG. 13, target trajectories ry- and r,, are used for the
VCMA 14 and the MA 15 are used. The target trajectories r,-
and r,, are set 1n association with the distance by which the
head 12 1s moved to the target track (seek distance). Unlike in
the case of the first embodiment, the subtractor 221 calculates
the difference between the head position vy and the target
trajectory (second target trajectory) r,.. The output from the
subtractor 221 1s provided to the adder 224 as 1s the case with
the first embodiment.

The VCM feed forward controller (C..{s)) 251 generates a
teed forward control mnput corresponding to the target trajec-
tory r;. The adder 252 adds the feed forward control input
corresponding to the target trajectory r;- to a control 1nput
(feedback control input) generated by the VCMA controller
225. The addition result from the adder 2352 1s provided to the
VCMA 14 as the control input u,.. The subtractor 253 calcu-
lates the difference between the head position y and the target

trajectory (first target trajectory) r,,. The output from the
subtractor 253 i1s provided to the MA controller (C, (s)) 222.

The MA feed forward controller (C, (s)) 254 generates a
teed forward control mnput corresponding to the target trajec-
tory r,,. The MA feed forward controller (-C~, {s)) 235 gen-
erates a feed forward control mput corresponding to the
motion of the VCMA 14 equivalent to the target trajectory r-
The adder 256 adds each of the feed forward control inputs
generated by the MA feed forward controllers 254 and 255 to
the control input (feedback control input) generated by the
MA controller (C,(s)) 222. Unlike 1n the case of the first
embodiment, the MA model 223 estimates the displacement
of the MA 15 based on the addition result from the adder 256.

In the third embodiment, unlike in the case of the first
embodiment, the addition result from the adder 256 1s pro-
vided to the adder 227. As 1n the case of the first embodiment,
the adder 227 1s also provided with the control mnput corre-
sponding to the future displacement of the MA 15 or the
tuture MA voltage estimated by the filter (QQ(s)) 226. As 1n the
case of the first embodiment, the addition result from the
adder 227 1s provided to the MA 15 as the control input u, .

Fourth Embodiment

Now, a servo controller 1n a magnetic disk drive according
to a fourth embodiment will be described. It 1s assumed that
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the configuration shown i FIG. 1 and including the servo
controller 22 1s applied to the magnetic disk drive according
to the fourth embodiment as 1s the case with the first embodi-
ment. The fourth embodiment 1s different from the first
embodiment 1n the configuration of the servo controller 22.

FIG. 14 15 a block diagram showing a configuration of the
servo controller 22 applied 1n the fourth embodiment. Ele-
ments 1n F1G. 14 which are equivalent to those in FIG. 12 and
FIG. 13 are denoted by the same reference numbers. The
servo controller shown 1n FI1G. 14 1s characterized 1n that an
adder 241 corresponding to the adder 227 (see FIG. 2) 1s
provided on the mnput side of the MA controller (C, (s)) 222.
In the fourth embodiment, the filter (Q(s)) 226 estimates the
displacement of the M A 15 corresponding to the delay caused
by the hysteresis. The estimated displacement 1s added by the
adder 241 to an output from the subtractor 253 input to the
MA controller (C, (s)) 222.

At least one of the above-described embodiments can pro-
vide a magnetic disk drive comprising a microactuator that
enables implementation of a seek operation compatible with
the hysteresis property of the microactuator.

The various modules of the systems described herein can
be implemented as soitware applications, hardware and/or
software modules, or components on one or more computers,
such as servers. While the various modules are illustrated
separately, they may share some or all of the same underlying,
logic or code.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not mtended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes i1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the mmventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the mventions.

What 1s claimed 1s:

1. A magnetic disk drive comprising;

a voice coll motor (VCM) actuator configured to coarsely

move a head;

a microactuator configured to slightly move the head; and

a servo controller configured to control a predetermined

seek operation of moving the head to a target track using

both the VCM actuator and the microactuator,

wherein the servo controller comprises:

a microactuator controller configured to control the
microactuator based on a positioning error between
the target track and a position of the head or a posi-
tioning error between a first target trajectory and the
position of the head, wherein the first target trajectory
corresponds to the microactuator;

a microactuator estimator configured to estimate a first
displacement of the microactuator using a linear
model from a first control input to be provided to the
microactuator;

a VCM actuator controller configured to control the
VCM actuator based on a positioning error between
the target track and a position of the VCM actuator or
a positioning error between a second target trajectory
and the first position of the VCM actuator, wherein the
second target trajectory corresponds to the VCM
actuator and the first position i1s estimated from the
position of the head and the first displacement;

a filter configured to estimate a position of the VCM
actuator corresponding to a delay 1n the displacement
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of the microactuator caused by hysteresis of the
microactuator, from a state of the VCM actuator 1n the
predetermined seek operation, and to estimate a sec-
ond displacement that 1s the delayed displacement of
the microactuator, from the estimated position; and

an adder configured to add the second displacement or a
second control input corresponding to the second dis-
placement to an input to the microactuator controller
or an nput to the microactuator.

2. The magnetic disk drive of claim 1, further comprising a
switch configured to be set to a first state at beginning of the
predetermined seek operation and to permit an effective out-
put to be transmitted from the filter to the adder during a
period when the switch 1s set 1n the first state.

3. The magnetic disk drive of claim 2, further comprising a
switching controller configured to switch the switch to a
second state 1n which an effective output is restrained from
being transmitted from the filter to the adder.

4. The magnetic disk drive of claim 3, wherein a distance
required to move the head to the target track during the pre-
determined seek operation falls within a range in which the
microactuator 1s driven.

5. The magnetic disk drive of claim 1, wherein the state of
the VCM actuator 1s a speed of the VCM actuator; and

the filter estimates a future position of the VCM actuator by

multiplying the speed of the VCM actuator by a prede-
termined coetlicient.

6. The magnetic disk drive of claim 5, further comprising a
state observer configured to estimate the state of the VCM
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actuator including the speed of the VCM actuator based on an
output from the VCM actuator controller, the first displace-
ment, the position of the head, and a VCM actuator model.

7. The magnetic disk drive of claim 1, wherein:

the state of the VCM actuator 1s a position of the VCM

actuator; and

the filter comprises:

a differentiator configured to differentiate the position of
the VCM actuator 1n order to convert the position of
the VCM actuator 1nto the speed of the VCM actuator;

and

a multiplier configured to calculate the estimated posi-

tion of the VCM actuator by multiplying the speed of
the VCM actuator by a predetermined coellicient.

8. The magnetic disk drive of claim 7, further comprising a
state observer configured to estimate the state of the VCM
actuator including the position of the VCM actuator based on
an output from the VCM actuator controller, the first displace-
ment, the position of the head, and a VCM actuator model.

9. The magnetic disk drive of claim 1, wherein the servo
controller 1s configured to form a decoupling structure for the
VCM actuator and the microactuator.

10. The magnetic disk drive of claim 1, wherein the servo
controller 1s configured to control the microactuator 1n accor-
dance with the first target trajectory and motion of the VCM
actuator and to control the VCM actuator in accordance with
second target trajectory.
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